Abstract The role of granivorous birds as agents of seed dispersal has been little explored and is poorly understood. We assessed the ability of three species of birds from a Central European agricultural landscape to disperse seeds of dry-fruited plants. We hypothesised that Grey Partridge Perdix perdix is a better seed disperser than either of two species of buntings-Yellowhammer Emberiza citrinella and Reed Bunting Emberiza schoeniclus-in terms of the number of intact seeds recovered from their droppings. Partridge droppings contained the highest number of intact seeds. Surprisingly, however, the number of intact seeds per 1 g of droppings was the highest in Reed Bunting, smaller in Grey Partridge and the smallest in Yellowhammer. Our findings suggest that the passage of intact seeds of dryfruited plants through the digestive tract of seed-eating birds is most likely an effect of limited digestion, resulting from the intake of a large volume of seeds, a small part of which remains undigested. This effect could be magnified by the inclusion in the diet of some items of different digestibility (invertebrates or leaves). We suggest that non-standard dispersal of seeds with no adaptations to endozoochory by birds is a far more frequent and as yet under-appreciated phenomenon, which has potential ecological implications for the colonisation of new habitats/islands by plants. The ultimate elucidation of this process is extremely difficult and would require large sets of faeces to be examined.
Introduction
Seed dispersal mechanisms are crucial to many ecological processes. An appreciation of them helps us to acquire a better understanding of the factors responsible for plant population dynamics and community structure, gene flow, metapopulation dynamics, evolutionary trade-offs and maintenance of biodiversity (Schupp 1993; Schupp et al. 2010) . Seed dispersal and seed digestion used to be treated as separate processes. Since seeds are destroyed during digestion, granivorous animals are thought to play little or no role in the dispersal of plants (Hulme 2002) . Now, however, it is thought that for avian granivores, a continuum exists between seed dispersal and seed predation (Heleno et al. 2010) . Importantly, the idea that seed predators could disperse seeds was formulated much earlier during extensive studies of scatter-hoarding rodents, corvids and primates, which can disperse seeds or fruits, mostly the seeds of conifers and nuts of broadleaved trees, but also the seeds of grasses and forbs (cf. Vander Wall 1990 and literature cited therein; Norconk et al. 1998) . Propagules overlooked by the hoarder, and which can also escape detection by other animals, can germinate successfully (Vander Wall 1990 Zwolak and Crone 2011; Lenda et al. 2012) .
The effectiveness of the dispersal (the term suggested by Schupp 1993 and revisited in Schupp et al. 2010 ) a plant receives from granivorous animals is usually evaluated as very low, because of the low probability of seeds being dispersed (quantity of seeds dispersed) and the poor quality of seed treatment (quality of dispersal). However, some studies have shown that granivorous birds can be legitimate vectors for the dispersal of the seeds of dry-fruited species without a fleshy pulp, which is thought to be an adaptation to endozoochory (Guerrero and Tye 2009; Heleno et al. 2010 Heleno et al. , 2013 Nogales et al. 2012 ).
To date, there have been few studies quantifying the role of granivorous birds in seed dispersal; such investigations are especially needed to broaden the knowledge about patterns and components of dispersal effectiveness in different habitats (Heleno et al. 2010 (Heleno et al. , 2013 Nogales et al. 2012; Gillespie et al. 2012) . In general, granivorous species consume, crush and digest the vast majority of ingested seeds (Norconk et al. 1998; D'hondt and Hoffman 2011) ; however, in the global context and considering the magnitude of seed production in some ecosystems (Marone et al. 2000; Evans et al. 2011 ) and the abundance of granivorous birds, even the small fraction of plant propagules that escape digestion can be important for colonising new and distant sites (Nogales et al. 2012) . Hence, quantification of the effectiveness of dispersal by different granivorous animals across various spatial scales and/or habitats undoubtedly provides an important insight into this poorly known process and can be helpful in explaining plant dispersal mechanisms (Schönswetter et al. 2008; Heleno et al. 2010; Gillespie et al. 2012; Nogales et al. 2012) .
Although interest in the assessment of birds as potential dispersers of dry-fruited or weed seeds has a long history (cf. Roessler 1936) , comprehensive studies of the abundance of intact seeds in the droppings of seed-eating birds are scarce. To the best of our knowledge, only a few studies have quantified the presence of intact seeds in faecal samples in direct observations of 14 granivorous bird species. These include studies of nine species of endemic Galapagos finches Geospiza spp. (Buddenhagen and Jewel 2006; Guerrero and Tye 2009; Heleno et al. 2013) , four species of small Eurasian granivorous Passerines in the Azores (Heleno et al. 2010 ) and one medium-sized gamebird, the Grey Partridge Perdix perdix, in crop fields of continental Europe . All these studies showed that granivorous birds defecate intact seeds-primarily of fleshy-fruited species in the case of birds from the Galapagos, the Azores and North America. For smaller granivores, with the exception of Grey Partridge study, none of the studies linked the presence of intact seeds in droppings to the dietary composition or habitat types used as feeding sites. This is because sample sizes were often too small to assess (or exclude) some small granivorous birds as potential vectors of seed dispersal (e.g., Buddenhagen and Jewel 2006) . In addition, the dispersal of endozoochorous seeds, including the dispersal of non-endozoochorous dry-fruited plants, has been assessed for large, omnivorous species (Emu Dromaius novaehollandiae (Calviño-Cancela et al. 2006) and Cassowary Casuarius casuarius johnsonii (Bradford and Westcott 2011) ) and for the medium-sized Rook Corvus frugilegus, whose regurgitated pellets were analysed; Kitowski (2010, 2013) , Czarnecka et al. (2013a, b) .
Considerably more avian studies have focussed on the endozoochorous dispersal of seeds of fleshy-fruited plants, including studies with species recognised as seed predators, for instance, the large galliform species, Northern Bobwhite Tetrao virginianus (cf. Cipollini and Levey 1997 and references therein).
Within the framework described above, we assessed the seed-dispersing ability of three species with different body masses and seed-processing methods feeding in similar habitats. We hypothesised that the larger-bodied seed predator ingesting whole seeds (Grey Partridge Perdix perdix, ca. 400 g) would be a better seed disperser (transporting a larger number of seeds) than two smaller bunting species, which crush the seeds with their bills before swallowing them (Yellowhammer Emberiza citrinella, ca. 30 g; Reed Bunting E. schoeniclus, ca. 19 g). All three species make up a considerable percentage of the autumn-winter community of avian granivores feeding on/using crop fields in Europe (Moorcroft et al. 2002; Orłowski 2006; Kasprzykowski and Goławski 2012) , and their diets consist primarily of seeds of various arable weeds (Cramp 1998; Holland et al. 2006; Orłowski and Czarnecka 2007; Orłowski et al. 2011 Orłowski et al. , 2014 . Therefore, an assessment of the contribution to ecosystem services provided by these birds, in the context of weed seed predation/dispersal or the seasonal depletion of seed resources as a result of consumption (sensu Pinowski and Wójcik 1968; Robinson and Sutherland 2000; Marone et al. 2000; Holmes and Froud-Williams 2005) , is highly desirable. Such an approach to ecological studies is strongly advocated nowadays (cf. Sekercioglu 2006; Wenny et al. 2011) , especially in the context of the observed dramatic declines in seed-eating bird populations because of agricultural intensification (Panek 2005; Butler et al. 2010; PECMBS 2011) , and the resulting overall decline of ecological services provided by birds (Sekercioglu 2006; Wenny et al. 2011) . In this work we analyse the structure of the seed pool present in faecal samples of these three granivores; special attention is paid to the habitat used as the feeding site and the features of seeds that enhance the probability of surviving ingestion. These features of seeds are similar to those needed to create a persistent soil seed bank, i.e., a low mass (\3 mg) and compact shape (Thompson et al. 1993; Pakeman et al. 2002) . Furthermore, we hypothesised that the total number of intact seeds and the probability of the recovery of at least one intact seed in the faecal samples would be related to the amount of droppings expressed as their total number or total weight. We assumed that the amount of droppings is likely to be related directly to the total volume or biomass of ingested plant food, both within and among the three target species.
Materials and methods

Study sites
The study was conducted in a lowland agricultural landscape in Poland. The area is characterised by a temperate continental climate with a large temperature amplitude between summer, June-September (high; monthly average ?15°C), and winter, December-February (low; \0°C). Droppings were sampled during autumn and winter (November-February) between 2002 and 2013 in various habitat types typical of the agricultural landscapes of central Europe that serve as feeding grounds and nocturnal roosts for the three target granivorous birds: winter crop fields (cereals and oil-seed rape), stubble fields (including fields left unploughed following maize cultivation and abandoned grasslands), ploughed fields (with no vegetation), meadows (on wetland sites), fallow land (including land not farmed for several years at least and now covered by permanent vegetation) and manure heaps (sites where various amounts of pig and cattle manure are periodically stored). The flora of the sample sites was diverse, although weed communities characteristic of each cultivation type were present. Geranium dissectum, Galinsoga parviflora, Galinsoga ciliata and Stellaria media occurred in low densities in the winter cereal and winter oil-seed rape fields; Amaranthus retroflexus, Chenopodium album, Setaria viridis and Polygonum aviculare were present in high densities in the stubble fields.
Sample collection and processing
We collected droppings from 79 feeding or roosting sites (hereafter, one site is treated as a single sample): 36 samples (1162 droppings) of Grey Partridge faeces, 17 samples (999 droppings) from Reed Buntings and 26 samples (624 droppings) from Yellowhammers (Appendix Table 3 ). In the case of the two buntings, droppings were collected after direct observation of birds defecating so as to prevent misidentification. As partridge droppings are very characteristic, we were able to recognise and collect them directly from the ground, even if no bird had been observed before. Prior to the collection of some droppings on private land we obtained permission from the owners of some fields; some droppings were collected from public places (such as road verges). All the droppings analysed in this study were collected during earlier field studies aimed at determining the dietary composition of the three target bird species; more details of the specific location of the study of individual species will be found in the references cited below. The droppings were dried, weighed and stored at 20°C until analysis. To evaluate the dietary composition and presence of seeds/dry fruits (hereafter, the term ''seed'' will be used to refer to both seeds and dry fruits), all the Reed Bunting droppings were analysed (results published in Orłowski and Czarnecka 2007; ). In the case of Grey Partridge 0.5 g (ca. 4 droppings) from each sample and in the case of Yellowhammer 0.2 g (ca. 10 droppings) were analysed to evaluate the dietary composition of the faecal sample per site.
Each dropping was first examined to exclude intact seeds stuck to its surface. The droppings were then manually crushed in petri dishes containing water and examined at 940 magnification. Methods of diet analysis are described in Orłowski and Czarnecka (2007) , Orłowski et al. (2011) and Orłowski et al. (2014) . The proportion of all identifiable diet items was assessed and both intact (no traces of external damage) and damaged seeds (seed shell damaged, but seed not broken up) were counted. The seeds recovered from the droppings were identified to the lowest possible taxonomic level. Atlases (Cappers et al. 2006; Bojňanský and Fargašová 2007) and seed collections were used to identify the seed species. We determined the relative dietary composition (on the basis of the number of food remains found in the faecal samples) of each faecal sample using four classes of abundance [0-absence, 1-sporadic items (proportion \1 %), 2-items of medium abundance (proportion 1-40 %), 3-dominant items; proportion [40 %; usually 90 % or more; only when items with medium abundance were present in the same sample was their proportion lower] for each of five main food categories: (1) leaf fragments, (2) seeds represented by shell fragments, (3) grains represented by fragments of cereal grains, (4) husks of wild grasses and (5) animal prey items (Appendix Table 3 ).
Data analysis
For each faecal sample (N = 79), the number of intact seeds was expressed per ten droppings and 1 g of faeces.
Initially, these two measures, along with the mean mass of individual droppings, were compared among the three species using the generalised linear model (GLM) with the Poisson error distribution and logarithmic link function in Statistica 7.1 (Statsoft 2007) .
Further, we applied regression analysis in GLM in Statistica 7.1 (Statsoft 2007) to assess the relationship between the number of intact seeds in faecal samples and the number of droppings expressed as a whole number and the log-transformed total weight of a faecal sample. To assess the probability of recovering at least one intact seed from a faecal sample we applied logistic regression (Statsoft 2007) . The presence (1) or absence (0) of intact seeds in a sample was treated as the dependent variable, with the independent variables being the number and logtransformed total weight of droppings in a sample from one species. We performed the above analyses for each target species separately. However, to generalise our findings by detecting analogous relationships across the community of granivores we performed an overall GLM and logistic regression model, pooling the data for all species and introducing ''bird species'' as a random effect in the statistical analysis.
As a measure of dietary diversity we used the number of wild plant taxa other than cereals (for the list, see Appendix Table 4 ) that were identified in the diet. The correlation between these values and the number of intact seeds present in the sample was measured using the Spearman rank correlation coefficient.
A detrended component analysis (DCA) was conducted to analyse the potential relationship between dietary composition (see above) and the presence of intact seeds in faecal samples (N = 79) using MVSP (Kovach 2005 ) and Statistica 7.1. The data used for DCA are presented in Appendix Table 4 .
The statistical significance was set at p B 0.05. Seed shape as a variance of the three dimensions of a seed (length, width and depth) is used to evaluate whether the shape of a seed is compact (close to spherical). It can take a minimum value of zero when the seed is spherical and a maximum value of ca. 0.3 for needle-or disc-shaped seeds (Thompson et al. 1993) .
Results
The average mass of droppings varied with the size of the target species: droppings of Reed Buntings and Yellowhammers were 6 and 12 times lighter respectively than those of Grey Partridges (Fig. 1a) .
Intact seeds were present in 44 % (16/36) of Grey Partridge faecal samples, in 35 % (6/17) of Reed Bunting faecal samples and in 19 % (5/26) in Yellowhammer faecal samples (Appendix Table 3 ). The seeds recovered (from 13 different plant families) were from 20 (Grey Partridge), 6 (Reed Bunting) and 3 taxa (Yellowhammer) ( Table 1) . None of the 218 intact seeds found were obviously adapted to endozoochory (cf. Table 1 for the description of types of seed dispersal). The most frequent groups were anemochores (48.1 % of all seeds found; dominated by smallseeded species such as Capsella bursa-pastoris and Gypsophila muralis), followed by barochores (43.6 %), epizoochores (7.8 %) and hydrochores (0.5 %). All seeds found in faeces were small (seed mass \3 mg) and the majority of them had a compact shape (except for the longer cypselas of Artemisia vulgaris, Galinsoga parviflora/ciliata, Senecio sp. and grains of Echinochloa crusgalli and Poa annua; Table 1 ).
The average number of intact seeds per ten droppings was the highest for Grey Partridge, less for Reed Bunting and the least for Yellowhammer (Fig. 1b) . Furthermore, comparison of the average number of intact seeds per ten droppings among the target species showed significant differences between Grey Partridge and Reed Bunting (GLM: Wald v (Fig. 1b) . Reed Bunting droppings from meadows and wetlands (30 % of all the droppings of this species) contained disproportionately more (83 % of all the droppings) intact seeds than the faecal samples collected from this species in other habitat types (chisquared goodness-of-fit test with Yates' correction: df = 1, v 2 = 5.67, p = 0.018; Appendix Table 3 ). The number of intact seeds per 1 g of droppings was the highest for Reed Bunting, followed by Grey Partridge and Yellowhammer (Fig. 1c) . Comparison of the average number of intact seeds per 1 g of droppings between the target species showed significant differences between Grey Partridge and Reed Bunting (GLM: Wald v DCA analysis revealed considerable differences in dietary composition among the three target species and a poor association between habitat type and the number of seeds in the faecal samples. These findings indicate that seed dispersal by granivorous birds occurs with a similar intensity in different land-cover types (Fig. 2) . Only Reed Bunting droppings from meadows and wetlands (30 % of all the droppings of this species) contained disproportionately more (83 % of all the droppings) intact seeds than faecal samples collected in other habitat types (chi-squared goodness-of-fit test with Yates' correction: df = 1, v 2 = 5.67, p = 0.018; Appendix Table 3 ).
The number of intact seeds in faecal samples was positively correlated with the abundance of seed shells in droppings only in the case of Grey Partridge (Table 2 ). We also found that the seed-dominated diet of many taxa 
Discussion
Our findings showed that the three species of granivorous birds studied here disperse intact seeds of dry-fruited species of several plant families. All the seeds were small (\3 mg) with a compact shape (seed shape \0.14). The majority of seeds found in the droppings had no external adaptations to dispersal (barochores or very small anemochores). Our results confirm the findings on seed features (low mass and compact shape) that facilitate their passage through the digestive tract of mammalian herbivores or large omnivorous birds (Janzen 1984; Pakeman et al. 2002; Bruun and Poschlod 2006; Calviño-Cancela et al. 2006) . One needs to realise that only a small fraction of seeds consumed by granivorous birds remain undamaged after passage through the digestive tract (we calculated this as 0.3 % of Amaranthus retroflexus seeds consumed by Grey Partridge) and only 17 % of recovered seeds germinated (however, the germination tests of these seeds were performed nearly 3 years after the faeces had been collected; Grime et al. (1996) , if the species was absent there (*) dispersal mode was classified on the base of external adaptations of diaspores: A anemochory (dispersed by wind, with wings or plumes, also the smallest seeds with no dispersal adaptations), B barochory (dispersed by gravity), Ep epizoochory (dispersed by adhesion, with hooks, hairs or awns or adhesive through the secretion of mucilage), H hydrochory (dispersed by water) c Seed mass (mean value for one-seeded generative dispersule) and data to calculate seed shape index according to LEDA Traitbase (Kleyer et al. 2008 (Czarnecka et al. 2012) and in pellets of the omnivorous Rook Corvus frugilegus (Czarnecka et al. 2010 (Czarnecka et al. , 2013a also demonstrated that seeds of dry-fruited species were able to germinate (20 and 15 % of seeds found in the droppings of Grey Partridge and Eurasian Blackbird respectively, 34 % in Rook pellets; the particular percentage of germinating seeds depended on the plant species). Similarly, Holmes and Froud-Williams (2001) demonstrated that small-seeded plants (such as Stellaria media, found in our sample, too; cf. Table 1 ) can readily germinate from faecal samples of Chaffinch Fringilla coelebs, a small granivorous bird. Importantly, even the small number of seeds dispersed by granivorous and omnivorous birds cannot be ignored, since just a small proportion (i.e., 0.001 %) of seeds moving (especially over long distances) can significantly increase predicted plant migration rates (Higgins and Richardson 1999) . If we assume that birds are among the most mobile links in all types of ecosystems (Sekercioglu 2006) , we believe that all seed dispersal events with birds as vectors require attention. It is worth emphasising that the probability of seed germination and seedling establishment in the case of scatter-hoarding in temperate forests with small rodents as dispersal vectors is much higher, achieving values from 0.6 to 3.2 %, depending on the tree species (Zhang et al. 2005) . The survival of acorns in jay-made caches has rarely been quantified (den Ouden et al. 2005) , but in an experiment by Gomez et al. (2003) similar values were obtained: \4 % of experimentally cached acorns survived.
Among the three bird species studied here, the quantity of intact seeds recovered from droppings was the largest for Grey Partridge. On the other hand, the number of intact seeds per 1 g of droppings was, rather surprisingly, the highest for Reed Bunting (the species with the lightest droppings), especially in samples from meadows and wetlands, which also contain fragments of invertebrates. Our findings revealed a relationship between the number of intact seeds in the droppings of the three target species and the proportion of seeds in the birds' diet and the dietary diversity. The difference in the number of intact seeds per 1 g of droppings between the two buntings can be explained by comparing the composition of their diets: Reed Bunting has a higher frequency of weed seeds and a lower frequency of cereal grains (which in principle are larger than weed seeds) in its diet (Appendix Table 3 ). Similarly, there appear to be a relatively higher number of intact seeds in faecal samples of Grey Partridge from stubble fields, which provided a staple diet of weed seeds (Appendix Table 3 ). In general, therefore, these findings appear to confirm that smaller (and/or more rounded) seeds with a hard shell have a greater probability of escaping destruction during gut passage (Janzen 1984; Malo and Suarez 1995; Malo et al. 2000; Pakeman et al. 2002; Bruun and Poschlod 2006) . On the other hand, the observed differences in the number of intact seeds recovered from droppings of the three target species could also have arisen from differences in the morphology or physiological features of the digestive tracts of these birds (sensu Herrera 1984) . The significant relationship between the number of intact seeds and the total weight of droppings found for all three species and solely for Grey Partridge in a separate analysis (with rather large droppings) suggests that the treatment of seeds in the digestive tract of all three species is a function of the volume of seeds consumed (excluding cereal grains, which are completely digested) and stomach size, which is proportional to total body mass (White and Stiles 1990) . First, the presence of intact seeds is probably an effect of limited digestion, which in turn is a consequence of the intake of a large volume of seeds, of which just a small part remains undigested (=a digestive bottleneck; Kersten and Visser 1996) . Second, this effect may be modified by the inclusion of some items of different digestibility (or alternatively small amounts of seeds ingested along with other food items), e.g., some invertebrates (as in the case of Reed Bunting's mixed diet) or leaves, which was generally negatively correlated with the number of intact seeds in Grey Partridge faecal samples (cf. Orłowski and Czarnecka 2013 for a more detailed dietary analysis). The differences in food availability among different habitat types (e.g., more weed seeds are available in stubble fields than in winter crops) thus appear to affect the number of intact seeds in bird faeces.
In summary, it should be stressed that Grey Partridge and the two buntings are rather poor seed dispersers; they are basically seed consumers (&seed predators), especially if we note the low overall number and low frequency of intact seeds found in their faeces. Viable seeds were found in 1.1-1.3 % of bunting droppings, which is a very low figure compared with the results obtained for frugivorous species. Between 24 and 77 % of the droppings of Nearctic warblers, manakins, tanagers, thrushes and flickers contained plant seeds (Loiselle 1990; White and Stiles 1990) . However, in the context of the seed diet and migratory behaviour of some species of gamebirds and buntings, even the small fraction of plant propagules that escape digestion can be an important pathway to the colonisation of new and distant sites (Nogales et al. 2012 ). Here we stress that nonstandard seed dispersal by birds, especially in the case of plant species without any well-developed dispersal adaptations, is a relatively frequent yet under-appreciated phenomenon with potential ecological implications for plant colonisation. However, the ultimate elucidation of this process is extremely difficult and would require the examination of large sets of faeces. A further study exploring relationships between the digestibility of various dietary components would be especially advisable in order to assess the potential role of seed-eating and omnivorous birds in aiding the long-distance dispersal of plants. Dietary composition of the six major food categories expressed in four abundance classes (0-4); more details on dietary composition determined for all samples of Grey Partridges and some samples of Reed Buntings will be found elsewhere (Orłowski and Czarnecka 2007 Orłowski et al. 2011 
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